The heat exchange between ocean and atmosphere over cold water is studied by calculating all terms in the energy balance twice each day for the year 1971 for the Sable Island region.
The heat exchange between ocean and atmosphere over cold water is studied by calculating all terms in the energy balance twice each day for the year 1971 for the Sable Island region.
The atmospheric long-wave radiation is relatively constant because of frequent overcast and low clouds. The surface long-wave balance is markedly negative in winter but slightly positive for a short time in summer, due to strong advection of warm moist air over the cold water. In winter, the turbulent fluxes are directed upwards and are strong, the upward fluxes beginning after the middle of August and lasting until mid-March. The maximum daily values of latent heat flux are 400 to 500 ly day -1 (194 to 242 W m -2 ), about a third or a quarter of the magnitude over the warmer Gulf Stream water. The summer fluxes are fairly constant and directed downward.
The water of the Labrador Current in the Sable Island region warms substantially from March to September and conversely cools intensely in the period NovemberJanuary.
A comparison of the energy exchange for a current and for water without motion shows that the surface temperatures would be similar in summer, and the temperature drop would be about equal until November. From that time on, the surface temperature would level off for a water body with no current, but in actual conditions the surface temperature continues to drop to a late winter minimum of about 1°C. Atmospheric advection of latent heat was calculated by assuming that the daily precipitation was always caused first by condensation of all locally evaporated water with any remainder being supplied by watervapour advection. The main cause for atmospheric heating in the Sable Island area was found to be condensation of imported water vapour. The region is, in summer, a marked sink for atmospheric heat and water content. For water it remains a sink even in winter. For sensible heat it becomes a source from November to March. The warming of the atmosphere is caused by release of latent heat of advected water vapour in the period February-August. During the months September-January the heat sources are both water-vapour advection and surface turbulent terms.
In the western Atlantic the cold stream includes the Scotian Shelf water at Sable Island. The cold current is still clearly discernible directly off shore past Cape Cod and even to Cape Hatteras.
It is of interest to study the heat exchange between ocean and atmosphere over cold water, to ascertain the amount of heat transfer to the atmosphere under conditions of winter-time cold continental air advection, and to examine the degree of transformation of the cold water by atmospheric (including radiative) processes. While it is known that vertical heat exchange may be very large over warm ocean currents, it is not well known how cold water areas compare. Also, the cold waters off Canada's east coast cause prevalent spring and summer fog and a study of the energy exchange under such conditions would seem to be of interest.
Data and method
Since no ship or island station is located in the ideal position for the proposed study, namely in the southern part of the Grand Banks, there was a choice between using observations from Weather Ship B or from Sable Island. Weather Ship B was located at 56°30'N, 5l°W until the summer of 1975 and regularly reported sea-surface temperatures. It did not observe precipitation. Sable Island (43°56'N, 60°01'W) has reliable precipitation records but no sea-surface temperatures and, obviously, is not as much a part of the oceanic environment as a ship. However, the island lies in a more desirable position than the ship and is small. Its location is in a region of frequent, strong, cyclonic activity and much cloud. It is therefore argued that no significant diurnal effects or development of land-sea breeze should be expected. Also, the observations of interest are taken at 00 and 12 GMT, i.e., at 20 and 08 LST, away from the time of maximum insolation.
It was therefore decided to use twice-daily synoptic and radiosonde data from Sable Island, although the lack of simultaneous sea-surface temperatures might be troublesome. We are grateful to Dr S.D. Smith of the Bedford Institute of Oceanography who obtained for us 39 water-temperature charts for the period September 1970 to late May 1972. Such sea-surface temperature charts, based on ships' reports are compiled by the METOC Centre, Maritime Command, Halifax. They are probably reliable to about ±3°C.
A smooth curve was drawn through the interpolated values for Sable Island as shown in Fig. 1 which also shows, for comparison, long-term monthly mean temperatures, taken from the Meteorological Office Atlas (1948) . Daily surface-temperature values were extracted from Fig. 1 for the period 1970-72. It is not possible to assess the errors caused by this method, but it is an advantage that the sea-surface temperature is rather conservative. The meteorological data were kindly supplied by the Canadian Atmospheric Environment Service. In the following the observations at 12 GMT (08 LST) have been regarded as representative for daytime and those at 00 GMT (20 LST) for the night. Other radiosonde observations are, unfortunately, not available.
The calculations of the various energy-budget terms were performed according to the energy-budget programmes designed and described by Vowinckel and Orvig (1972, 1973, 1974, 1976) . Once a thermal profile in the water is given as an initialization, calculations may proceed with no further sea-surface temperature information as it may be generated by a programme subroutine. This needs a statement of the water depth. Initially, 200 m was assumed since no seasonal temperature variation is observed below this depth. A depth of 100 m was subsequently tested, but only small differences resulted in the calculated flux values so the following discussion is based on a water depth of 200 m. Values for short-wave radiation absorption in water were adapted from Laevastu (1960) and are listed in Table 1 . For the dynamic mixing, infinite fetch was assumed. The sea water density was not corrected for salinity, i.e. the water was regarded as either fresh or isohaline.
The calculations were performed both with observed sea-surface temperatures (from Fig. 1 ) and without specification of such temperatures. In the latter case a water body of 200 m was prescribed and the programme generated its own surface temperature, as mentioned above, using the same set of meteorological data. This condition implies that no ocean advection is allowed, i.e. it is similar to a lake. There can be no doubt that such conditions would change the weather, both because of different air-mass modification and because of some change in the atmospheric circulation. The authors have a programme available for assessing the change in air-mass modification, but no possibility exists of obtaining numerically the weather changes caused by (probably slight) alterations in circulation. It was, therefore, judged preferable to retain the meteorological observations unchanged. The result will most likely be an overestimate of the fluxes, but the magnitude has not been estimated.
To permit effects of horizontal water motion, the surface temperature was re-set each day to actual values. The results of such "ocean" calculations are compared to the "lake" runs in order to illustrate the influence of ocean advection. In the case of using observed sea-surface temperatures, it was noted above that they are probably not reliable to better than ±3°C. The calculated fluxes will, obviously, be sensitive to errors in the ocean surface boundary conditions. In the case of long-wave radiation from the surface, which is the largest term in the surface energy balance (Table 2) , an error of 1°C in surface temperature will alter the daily value by 10 cal cm~2 (4.8 W m^2). An error of 3°C will therefore cause an error in calculated long-wave radiation of 4.5% in March and 3.6% in August-September.
The following terms have been calculated:
SGA: Short-wave (solar) radiation absorbed at the surf ace. RLD: Long-wave radiation down (atmosphericback radiation). RLU: Long-wave radiation from the surface (terrestrial radiation). QS: Sensible heat flux at the surface, positive when directed upward. QE: Latent heat flux at the surface, sign as for QS. S300: Incoming solar radiation at 300 mb (the "top" of the troposphere). SAA: Solar radiation absorbed in the atmosphere. U150: Upward long-wave radiation flux at 150 mb.
In addition, atmospheric advection of latent and sensible heat was calculated, as described in the later discussion of the atmospheric heat budget.
3 The surface heat budget a Radiation Fig. 2 shows the monthly means of the various surface energy-budget terms. They are also included in Table 2 . The absorbed solar radiation (SGA) displays the normal annual pattern; compared to the atmospheric back radiation (RLD) it is relatively small in all months. This condition is particularly well expressed in the region of Sable Island for a number of reasons. First, since there is frequent overcast and low clouds, the back radiation originates at low elevation, i.e. at relatively high temperature. Even under clear sky conditions the air has high moisture content and RLD originates near the surface. Second, the high moisture content and frequent cloudiness reduces SGA, thereby further enhancing the relative importance of long-wave radiation in the total incoming radiation at the surface.
The seasonal variation in RLD is noticeably less than that of SGA. This is generally observed in middle and high latitudes but is more pronounced at a maritime location such as Sable Island. The long-wave radiation emitted from the surface, RLU, is a function of the surface temperature. Fig. 2 and Table 2 show the long-wave radiation balance (RLD-RLU) . AS a normal condition at the earth's surface the long-wave balance is negative. In continental climates, without major ground heat storage, the negative long-wave balance has its maximum value in summer, with maximum short-wave radiation income and highest surface temperature. The usual continental small negative balance in winter may on occasion be replaced by a positive long-wave radiation balance, such as occurs with a strong surface inversion, particularly if accompanied by high moisture content and clouds. Conditions are opposite over water, as its high conductive capacity permits long periods of positive or negative energy budgets before the surface temperature adjusts. Accordingly, the long-wave balance is generally strongly negative in winter and slightly negative in summer. These conditions may be altered in areas near land or oceanic boundaries where advection of different air masses may occur. Fig. 2 shows that at Sable Island the winter maximum negative long-wave balance is clearly developed. Towards summer the deficit becomes less and in July the long-wave balance is actually slightly positive (Table 2) . This is only possible with cases of strong advection of warm, moist air with a low ceiling.
The slight positive long-wave balance in mid-summer is remarkable and a unique feature, probably restricted to mid-latitude cold currents where they are sharply delineated from warm water and land masses. One might predict similar conditions over cold water along continental west coasts such as the California and Canary Currents. The air masses originating over the subtropical continents would certainly be sufficiently warm. However, they lack the moisture to form the required low cloud cover. Once the moisture has been acquired, the temperature inversion has been weakened to minimize the effect. The phenomenon seems to be restricted to the east coast cold currents.
Daily values of long-wave radiation balance show sharp short-term variations at all times of the year, indicating that fluctuations in the synoptic conditions (e.g. cloudiness) are similar in all seasons although the temperature level is higher in summer. Generally, the main characteristics of the local energy budget are climatically determined, and synoptic events only cause Energy Budget of Sable Island Region Surface energy-budget terms for "lake" and "ocean". Monthly mean values for 1971. Right-hand column shows "lake" condition (no current), left-hand column shows "ocean" condition (with advection).
variations on this general theme. Occasionally the synoptic situation is such that very warm, moist air is advected over the cold water in winter, resulting in a positive long-wave radiation balance as high as on individual summer days.
Considering the total radiation balance (including SGA) it is apparent that all monthly means are positive, although there are individual days with negative balance not caused by especially low values of solar radiation but rather by a sharp reduction in RLD, caused by advection of very cold air.
The influence of the cold current is largely eliminated in the calculations if the surface temperature is not forced to the observed values but left to self adjustment. In this case, both RLD and SGA remain unchanged but the terrestrial radiation (RLU) varies and so does, therefore, the radiation balance. The comparison between the two conditions is shown for each month in Fig. 3 . Apart from minor exceptions, in late summer and autumn, the radiation budget is always less positive for the non-advective "lake" condition. This indicates that, especially in winter, the "lake" temperatures would be higher. Thus is seen the first indication of the substantial withdrawal of energy from the area via ocean export. This will be discussed in more detail below.
From the discussion so far it is concluded that there is energy available at the surface, for use other than radiation, in every month of the year. The calculations reported here indicated that the average day would have 243 cal cm" 2 (118 W m~2) to be used in turbulent fluxes or ocean current export.
b
Turbulent Fluxes
The monthly mean values of latent heat flux (QE) and sensible heat flux (QS) are also shown in Fig. 2 and Table 2 . These turbulent terms are shown positive when directed upward, i.e. when they are heat loss terms for the surface. The winter months are characterized by strong upward fluxes. From December to February the sensible heat flux is greater than the latent heat flux because the air temperature drops faster than the water temperature. This has the conse- quence that the increase in the temperature gradient, which governs QS, is greater than the change in the moisture gradient caused by reduced saturation mixing ratio at low air temperatures. The changeover from downward to upward fluxes takes place in autumn in individual daily values (Fig. 4) . Upward fluxes begin to appear after the middle of August when cool air advection is mainly shown by QE which reacts sharply to the decreased air moisture content. As the season progresses, both air and water temperatures drop but the air-sea temperature difference increases, and QS becomes greater than QE from midDecember. By mid-March transition to summer conditions is apparent (Fig. 4) .
The maximum QE values reach 400 to 500 ly day-1 (194 to 242 W m-2 ), which are much less than the highest values found over the warm water of the Gulf Stream. There, average daily values in January are 600-750 cal cm" 2 (290-363 Wm-2 ) (Budyko, 1963) and maximum daily values over 1500 cal cm" 2 (725 W m^2) may occur. The peak daily values of QS at Sable Island are of similar magnitude to QE, reaching 600 to 900 cal cm~2 (290 to 436 W m-2 ).
The monthly mean values of the turbulent terms (Fig. 2) show a remarkable summer reversal, as QS is directed towards the surface from April to August and QE is downward from May to July. These summer fluxes are also particularly stable (Fig. 4) . It is only rarely that this area experiences a summer air mass which is colder than the water. With such stable conditions in the near-surface air layer, saturation will be restricted to a shallow thickness and frequent summer fog occurs. The mean frequency of fog at Sable Island is 15% in July, i.e. visibility is less than 1 km. The fog season is at its height in that month, and Osborne (1976) reported that Sable Island had conditions below Visual Flight Rules limits 40% of the time in July (ceiling 1,000 feet, visibility 3 miles).
c Heating and Cooling of the Water If the monthly mean values of the surface energy budget are considered ( Fig. 2 and Table 2 ), it is found that the net annual balance is +117 ly day-1 (56 W m~2) in spite of the fact that the average annual combined heat loss by the turbulent terms is 124 ly dayl (60 W m -2 ). The cause is the radiative surplus. This large amount of energy goes into storage, i.e. it is used to increase the water temperature and is carried away with the ocean current. Such net annual values, when quoted, give a distorted picture for an area where the water is moving, because no balancing of positive and negative periods is possiblecooling of the water at one time cannot be compensated by warming at another. The net drift velocity over the Scotian Shelf is about 10 km day" 1 to the southwest, and a parcel of water will reside on the shelf for 2 to 3 months at most.
If the heating during May, June and July is considered, the average input is 447 ly day" 1 (Table 2) . Confining this heating to the upper 20 m of ocean, the average temperature increase for an advecting water column would be 0.2°C day"
1 . Combining this figure with the drift speed, a net horizontal temperature gradient of 2°C is obtained over 100 km. This gradient is a little high but not totally inconsistent with observed surface gradients in summer.
The warming of the upper 20 m of ocean water, being 0.2°C day 1 , would amount to about 12 °C in two months. This is not inconsistent with the observation of Hachey (1938) .
The appropriate time interval for heat-budget calculations over the ocean will depend on the current speed and the areal extent for which the observed parameters can be regarded as representative. Monthly means are used in the following discussion. If the monthly values are considered individually (Fig. 2) it is seen that substantial heating, essentially by short-wave radiation, takes place in summer from March to September, with the maximum at the time of highest radiation in June-July. The winter months November-January are characterized by intense cooling caused by strong upward turbulent fluxes from the surface.
The summer heating is relatively independent of the sea-surface temperature, except for its influence on the long-wave balance. The rate of heating of a cold ocean current is independent of the degree of "coldness" with respect to surrounding water masses. The determining factor is the cloud cover which regulates the radiation budget.
The heat gained by radiation at the surface is spread vertically downward into the water by wind-created turbulence. A comparison between "ocean" conditions (with current advection) and "lake" conditions (no horizontal motion) is shown in Fig. 5 , which gives observed sea-surface temperatures ("ocean") and calculated surface temperatures ("lake") for the same days. It is apparent that there is little difference in summer. This may indicate that the surface water of the current in the Sable Island area then is in thermal equilibrium, in the direction of the current, and that one should perhaps not speak of a "cold current." If it is assumed that the current speed is constant, this means that the surface heat balance must be uniform over a fairly extended area of the Labrador Current. A map of sea-surface isotherms will, of course, show the current because of the extreme warmth of the Gulf Stream, which is maintained throughout the year. The cold current must still be present at depth as is apparent from the subsequent development in autumn, which is discussed in the following.
The summer period is, as seen, characterized by substantial radiational heating and southward export of the heated water, but during winter the surface heat budget is determined by the turbulent terms which effect very large extraction of energy ( Fig. 2 and Table 2 ). In comparison with the radiative fluxes, these terms are influenced much more strongly by synoptic events, and the highest daily heat loss values in winter occur in synoptically determined short intervals, with the main bulk of the cooling taking place in a few brief events. Daily surface heat balance values of -800 to -1200 cal cm-2 (387-580 Wm-2 ) may occur. Comparing the calculated turbulent terms under real ("ocean") conditions and without ocean advection ("lake") as shown in Fig. 3 , it is apparent that winter-time turbulence would be even more intense under "lake" conditions. These terms are determined by wind speed, air temperature and air moisture content, all kept unchanged in the comparison, and by sea-surface temperature which is different and therefore the cause of the calculated dissimilarity. In early autumn the drop in surface temperature is about equal under the two conditions (Fig. 5 ), but the "lake" temperature then tends to level off from November onwards, due to thermal mixing involving progressively deeper water masses, and the calculated winter minimum is just above +5°C. Under actual conditions the surface temperature continues its steep drop to a late winter value close to +1 °C.
It can be concluded that, in reality, the heat content of the water transformed in summer becomes exhausted in November, and the continuing decrease in sea-surface temperature is caused by arrival of progressively colder water from the northeast, in the Labrador Current.
The strongly negative energy balance at the sea surface in winter indicates that the southward flowing water masses are then still cooling in the region of Sable Island. The actual heat loss would, of course, be even greater if the current were not already so cold. This can be seen by comparing the current's net surface energy balance with that of the warmer "lake" for NovemberFebruary (Fig. 3) . In March the "lake" would still be cooling, while the real current shows a positive net heat balance, i.e. the beginning of the summer heating cycle.
The atmospheric heat budget
Additional terms appear in the atmospheric heat and water budgets: shortwave radiation absorbed (SAA) ; long-wave radiation to space at the top of the atmosphere-here taken to be at 150 mb (U150); a term containing the release of latent heat of condensation (measured by the amount of precipitation); terms measuring the advection of sensible heat and of water vapour as well as the change of atmospheric storage of sensible heat and water vapour. In writing heat and water balance equations for the atmosphere, all of these terms must be included and, in addition, certain of the terms discussed under the surface heat budget: the long-wave fluxes (RLD and RLU) and the sensible and latent heat fluxes (QS and QE ).
It is apparent that SGA (solar radiation absorbed at the surface) does not enter into the atmospheric balance, and QE disappears from the sensible heat budget while the amount of precipitation appears in this budget for the atmosphere. The precipitation falling on the surface does not involve energy transformation there and appears only in the surface water budget. Table 3 gives the monthly mean values of the atmospheric energy-budget terms. These indicate (as do the calculated daily values, which are not shown) that two clearly different seasons can be distinguished during the year. Most of the twelve months, including the summer, are characterized by atmospheric energy loss. The actual daily heat loss varies with the weather pattern in a complicated manner.
The months November to January experience frequent cases of positive atmospheric balance and, during the peak cyclonic periods, the daily values may vary greatly. The reason for the high positive mid-winter values lies in the magnitude of the sensible heat flux term (QS). Table 3 includes the monthly means of the atmospheric radiative budget terms and it is apparent that the radiation balance remains negative throughout the year and that it is fairly constant, in spite of much less available short-wave radiation (S300) in winter. This is caused by the relatively high winter surface temperature and, accordingly, rather large RLU values and thus smaller negative atmospheric long-wave balance at that time. This compensates for the decrease in SAA. The atmospheric radiation budget is dominated by the long-wave terms, while the surface radiation is dominated by the short-wave term rather than by the net long-wave flux.
The change to the winter condition of positive atmospheric heat budget is thus the result of the large surface sensible heat flux at that time. All areas experiencing the flow of continental arctic air over open water will have high Qs values. It is not necessary that the water should be particularly warm, although it would increase the flux somewhat. The main requirement is very cold air. There is one other, quite different, geographical area with high QS valuesnamely the subtropical deserts in summer. Most of the available absorbed solar radiation at the surface is then transferred directly to the atmosphere via sensible heat flux. Atmospheric heat gain areas are therefore found off the east coasts of cold continents in winter, and over subtropical deserts in summer. Table 3 shows the atmospheric balance, including the latent heat exchange with the surface. In order to assess the actual, sensible, heat gain or loss by the atmosphere, it is necessary to include the amount of heat gained by condensation, measured by the amount of precipitation. There are two sources of water vapour: local evaporation, and advection (import from outside the area). In the following it is assumed that all evaporated water vapour is first condensed and the remainder of the precipitation is supplied by imported moisture.
The heat and moisture contents of the atmosphere were ascertained by two radiosonde ascents each day throughout the year 1971, and the daily precipitation was used to calculate the 24-h latent heat release. As indicated above, it was thus possible to calculate daily values of the various terms in the atmospheric sensible heat budget. Table 4 shows monthly mean values of evaporation (QE), advected latent heat, advected sensible heat, total gain from condensation and resulting atmospheric sensible heat gain. The relationships between values in Tables 3 and 4 are explained in the Appendix.
From Table 4 it appears that, of the terms shown there, the main cause for atmospheric heating is the condensation of imported water vapour. It is the major contributor from February to June, and the largest factor on an average for the year.
Considering the monthly mean values of advected sensible heat and advected latent heat (Table 4) it is seen that October to March had opposite signs for the two terms while April to September had import of both forms of heat. The Sable Island region in summer is thus a marked sink for the atmosphere for both heat and water content. For water it remains a sink even in winter. For sensible heat it becomes a source from November to March.
It is interesting to attempt to relate these findings to the usual intensification of cyclones along the east coast and to consider whether this is restricted solely to the Gulf Stream area, or whether the causes are purely dynamical and that the surface influences are unimportant. From the last four columns in Table 3 and from Table 4 it seems that the radiative and turbulent terms are insufficient, at least from February to August, to produce substantial changes in the atmospheric energy content over the cold water region investigated. Striking increases in energy input can then be experienced only through the release of the latent heat of the advected water vapour. During the months SeptemberJanuary the heat sources are both advected water vapour and surface turbulent terms.
Summary and conclusions
Twice-daily synoptic and radiosonde data from Sable Island for the year 1971 indicate that during that year the solar radiation was relatively small compared to atmospheric back radiation. This is generally the case in the region, due to frequent overcast and low clouds. The surface long-wave radiation balance was strongly negative in winter and for a brief period, in July, it was slightly positive because of strong advection of warm, moist air with low ceiling.
All months showed a positive mean total radiation balance, which was used in turbulent fluxes or ocean current export.
The winter months were characterized by strong upward turbulent fluxes. By mid-March transition to summer conditions was apparent, and the downward fluxes lasted until after the middle of August when cool air advection began to appear. The maximum fluxes of latent heat reached values of 500 ly day-1 (242 W m~2) which is about one-third of the highest values found over the warm Gulf Stream.
The turbulent fluxes indicate that it is only rarely that the area experiences a summer air mass which is colder than the water. Such stable conditions cause frequent summer fog.
The calculated available heat during the summer months would, if it were confined to the upper 20 m of ocean, increase the temperature of the column by 0.2°C day^1. This would give a warming of about 12°C in two months and, if the water is advected at 10 km day-1 , create a horizontal temperature gradient of 2°C in 100 km.
An assessment of the effect of horizontal water motion on the sea-surface temperature indicated that this was negligible in summer and that the surface heat balance may be uniform over a fairly extended area. The heat content of the water transformed in summer became exhausted in November, and the continuing decrease in sea-surface temperature is caused by arrival of colder water from the northeast.
The atmospheric heat budget was mostly characterized by energy loss, even in the summer. During the peak cyclonic periods the daily values varied greatly. In winter there were frequent cases of positive atmospheric heat balance, caused by large surface sensible heat flux, although it appears that the main cause for atmospheric heating is condensation, and imported water vapour is more important than local evaporation. Of the various terms, watervapour advection is the major contributor from February to June, and the largest factor on the average for the year. The Sable Island region seems to be a sink for advected water vapour all throughout the year. Striking heating of the atmosphere can only be accomplished, from February to August, by the release of latent heat of advected water vapour. During the period SeptemberJanuary, the heat sources are both advected water vapour and surface turbulent terms. out of the area. Therefore, if the monthly net value for February (-12), for example, is added to the (positive) advected latent heat from Table 4 ( + 192), the result should be the sensible heat available for export (-180) . The atmospheric latent heat advection is based on 24-h precipitation amounts, lessQE.
In Table 4 total gain from condensation (February: 282) less sensible heat export (-180) gives +102 as the atmospheric heat gain by these processes. This heat is used together with gain by QS (119-see February in Table 3 ), for a total of 221 ly day 1 , to account for the February atmospheric radiation balance (-221, see Table 3 ).
